flow-cell with the measurement buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 10 mM MgCl 2 , 0.05% casein and 0.1% Pluronics F127).
Combined 4-way optical trapping and fluorescence microscopy. The output of a 1064 nm fibre laser was split into four paths which were then used to generate four optical traps within a custom-built inverted microscope. 4, 5, 6 Experiments were performed in a multi-channel flowcell where two dumbbell constructs were prepared in situ, each composed of a biotin-labelled -DNA molecule tethered between two streptavidin-coated beads (of diameter 3.5 m).
Entwinement of the two DNA molecules was achieved by displacing two of the four microspheres in 3-dimensions. In Figure 4 and Figure 5 , the four beads had the following initial geometry: 15 μm separation between beads #1 and #2; 15 μm separation between beads #3 and #4; 12 μm separation between beads #1 and #4; and 12 μm separation between beads #2 and #3. Fluorescence from DNA-bound intercalating dyes was imaged as described above.
Derivation of applied force on dsDNA using intercalator fluorescence intensity. In order to accurately describe the relationship between intercalator fluorescence and dsDNA tension, we first recall that the equilibrium binding constant (K) of an intercalator depends on the force (F) applied to the DNA molecule:
Here,  is the characteristic force equal to k B T/x eq , where x eq represents the equilibrium average elongation per bound dye molecule. 7 Eq S1 results from the fact that an applied force lowers the net free energy cost associated with the increased DNA extension upon intercalation. 1, 7 Biebricher et al. 1 have further shown that the equilibrium binding constant can be related to both the concentration of intercalator [D] and the fractional dye coverage ϑ as follows:
where n is the footprint of the intercalator in base-pairs, and ϑ varies between 0 and 1. The elongation (L) of a dsDNA molecule due to the binding of intercalators has been determined as follows:
where N bp is the number of base-pairs in the DNA molecule. Since L has been shown to scale linearly with the total (background-corrected) intercalator fluorescence intensity, I F , 1 we can assert that:
Here, I n is the background-corrected fluorescence intensity of a single intercalator dye. Using eqs S1, S2 and S4, we can derive the following relation:
Substitution of:
and:
into eq S5 yields the expression:
Note that the term I max constitutes the background-corrected fluorescence intensity of DNA saturated with intercalator. Rearranging eq S8 yields the expression in eq 1.
Identifying non-saturating conditions. Ensuring that the intercalator coverage is far from saturation removes the requirement to determine I max and B in order to calculate the absolute force. Here we outline a protocol for identifying when the system is far from saturation. First, the dsDNA should be held at a known force while the fluorescence intensity is measured at Figure 4e ). In contrast, for left-handed entwinement, we only observe induced inter-DNA interactions in less than 10% of cases (N > 10).
Supplementary Note 1: "Fast" intercalators provide a high temporal resolution
The application of our method stipulates that intercalator binding to the DNA should be in chemical equilibrium. Thus, the time it takes to reach binding equilibrium (1/k eq = equilibration time) is an upper bound for the temporal resolution that our method can achieve.
As has been discussed before, 1 the equilibration rate k eq is given by:
where k on and k off are the on-and off-rates, respectively, for the chosen dye concentration [D] .
Using the relation K = k on /k off , and eqs S2 and S4, the above relation can also be formulated as:
From eq S10, it can be easily deduced that at a concentration below half of the maximum coverage (i.e., I F < 1/2 I max ) -which is the regime where experiments are generally performed -the equilibration rate is dominated by k off . Therefore, it becomes clear that "fast" intercalators (i.e., those which display a high k off ) are preferable as force probes over "slower" intercalators. Comparison of k off values reported for known cyanine intercalators 1 shows that the mono-intercalators YO and SxO are the best choice as force sensors. For this reason, we focus on these two particular dyes in the experimental assays presented here. To assess the actual equilibration time, it furthermore must be considered that the off-rate decreases strongly with the force. This means that the equilibration rate, and thus the time resolution, will be lowest at high tension. In practice, we find that the equilibration time at 60 pN, for instance, is below 5 s in the case of SxO, and even below 1 s for YO (see Figure S2 ).
In addition to providing a higher time resolution, the application of fast intercalators also has significant advantages regarding the potential perturbation to DNA-protein interactions (see Supplementary Note 4). Moreover, the equilibration time, and thus the temporal resolution, could be further optimized towards shorter timescales, for instance, by using a buffer with a higher ionic strength, as discussed in Biebricher et al.
1

Supplementary Note 2: Estimation and calculation of flow velocities in Figures 2 and 3
In our instrument, the fluid flow is generated by applying air pressure to a reservoir system which is connected to the flow-cell via narrow tubing (~150 µm diameter). 4 For this reason, we cannot directly determine the flow rate that is generated by a given pressure; rather, we deduce the drag created by the hydrodynamic flow through different means.
For instance, for the results presented in Figure 2 , we can roughly estimate the expected flow velocity at the bead position in the following manner. Here, we assess that a total volume of For the experiments shown in Figure 3 , the flow velocity was estimated based on the flow drag acting on the trapped bead, as measured using the optical tweezers instrument. This measured force represents the sum of the drag on the bead itself as well as the total drag on the attached DNA molecule. In order to calculate the flow velocity, we first subtract the maximum DNA drag (i.e., at the attachment point to the bead, as determined from our fluorescence measurements in Figures 3 and S5 ) from the force applied to the bead (as measured using the optical tweezers instrument). Based on the residual drag (exerted on the bead alone), we can then calculate the flow velocity according to Stokes' law.
Supplementary Note 3: Potential extension of the method to torsionally constrained
DNA
The method is most straightforwardly applied to torsionally unconstrained DNA, since the binding of intercalators can alter the linking number of the DNA. As a result, the fluorescence intensity dependence on force for torsionally constrained DNA will likely deviate from the model presented in eq 1. However, our method in fact does not require the application of a physical model (such as a specific binding isotherm); instead, it would be fully sufficient to obtain a numerical fit that faithfully follows a measured force vs fluorescence dependence for a given intercalator. Therefore, in principle, our method could be extended to torsionally constrained DNA, provided that the force vs fluorescence dependence had been quantified as suggested above. Alternatively, by ensuring that the dye coverage is very low, the influence of the torsional constraint on the binding kinetics could be greatly minimized. In this case, eq 1 could still represent a good approximation.
Supplementary Note 4: Considerations regarding the optimal dye concentration
Potential perturbations to DNA and / or DNA-protein interactions due to intercalator binding can be minimized by using as low a concentration of dye as possible and by adhering to the following guidelines. First, the kinetics of the dye are very important. We have shown previously that the extent to which intercalator dyes can perturb DNA-protein interactions (such as helicase activity) depends on the kinetic off-rate of the dye. 1 For instance, YO and SxO have high off-rates, and thus are significantly less disruptive for DNA-protein interactions than, for example, YOYO. 1 Second, there is a trade-off between the dye concentration and the temporal / force resolution achievable. So, for instance, by averaging the fluorescence signal over a greater number of pixels, or by collecting the fluorescence signal for each pixel over a longer period of time, a lower dye concentration can be used.
Third, the photophysical properties of the intercalator can also be important: e.g., we propose the application of SxO (despite the fact that it has a lower off-rate than YO) since it provides a very good fluorescence signal (and thus good force resolution), which enables imaging of single intercalating dyes. 1 Finally, the influence of intercalators on DNA-protein interactions can be greatly minimized by reducing the dynamic force range within a single experiment.
Thus, if a wide range of forces is to be probed (e.g., between 0.5 pN and 60 pN), measurements could be performed in smaller force ranges -each at a different dye concentration -such that the maximum dye coverage is always below a certain threshold. For instance, in the above example, one could imagine measuring lower forces (0.5-30 pN) with a relatively high concentration of dye, while measuring high forces (~30-60 pN) with a lower concentration of dye. Nevertheless, these are general rules and the conditions employed should ideally be optimized for the system of interest.
Figure S1
Fluorescence intensity from intercalator binding is a robust tool to quantify DNA tension. Panels The data shown in panels (a)-(c) are averaged over N molecules (see Table S1 ), and are displayed along with the expected 1:1 linear relation (red line). The excellent fits as well as the small error bars (SEM) demonstrate the accuracy of our approach.
.
Figure S2
Quantifying the temporal resolution of intercalator-based force detection. We experimentally measure the equilibration time under given dye/buffer conditions using a -DNA molecule tethered between two optically trapped beads in the presence of intercalator dye. We follow the binding of dyes by recording the lengthening of the DNA molecule over time under constant force using optical tweezers, from which the equilibration time can be determined. Since the interaction time increases strongly with DNA tension, 1 and according to eq S10, the longest equilibration times are obtained at high force. This is demonstrated in panel (a) which shows that the system reaches equilibrium significantly faster at 24 pN (red) than at 60 pN (black) in the case of 20 nM SxO. From this, we can then infer that by employing SxO as a force probe, a time resolution of at least 5 s can be achieved. This is nevertheless still much slower than the equilibration time determined for 10 nM YO at 60 pN (panel (b)) which displays a time resolution faster than 1 s. In the latter case, the measured response time is in fact already limited by the temporal resolution of our optical tweezers instrument. pN. This arises from the fact that, as the dye coverage becomes closer to saturation, less additional intercalator dyes will bind to the dsDNA for a given increase in force. All data were obtained in a buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 2 mM MgCl 2 , 0.02% casein and 0.05% Pluronics F127. The force drop measured in panel (a) can be compared with the fluorescence profile along the DNA molecule just prior to the detachment (see Figure 3 and Figure S5 for details on the analysis of the fluorescence force profile). Note that we use a linear fit (red dotted line) to deduce the total DNA drag (red arrow, in panel (b)) from the force profile. In this way, we determine that, directly before DNA detachment, the total DNA drag force is ~48 pN. Thus, the force deduced from our fluorescencebased method is in excellent agreement with the value of 49 pN determined independently from the optical tweezer instrument. Parameters extracted from the fits shown in Figure 1 , along with the number of DNA molecules (N) from which the fits were obtained. All errors are SEM.
Movie S1 caption
Fluorescence movie of a single -DNA molecule tethered between two 1.84 µm beads held by optical tweezers in the presence of 20 nM SxO. Throughout the movie, different force ramps are applied to the DNA using a force-clamp: from 0 s to 16 s (as well as from 37 s to 50 s), the force is increased in 6 pN steps from 6 pN to 60 pN, whereas from 20 s to 34 s, the force is decreased from 60 pN to 6 pN.
This experiment demonstrates that intercalator binding rapidly, and fully reversibly, responds to a change of DNA tension, and that it thus provides a sensitive measure of the tension of the DNA molecule. The movie comprises data shown in Figure 1 and, for better perception is sped up by a factor of seven compared to real time.
Movie S2 caption
Fluorescence movie from which the snapshots and kymographs in Figure 2 and Figure S4 were extracted. Two dsDNA molecules (~8.6 kb), each tethered between the surface of a flow-cell and a 1.76 µm bead, were stretched using increasing hydrodynamic flow in the presence of SxO (20 nM).
Near the movie end (~23 s), the flow is reduced again, visible by a decrease in fluorescence which again demonstrates the intercalation reversibility. Note that forces were quantified from this movie (in Figure 2 ) for increasing flow-rate only, and that the movie is sped up by a factor of four compared to real time.
Movie S3 caption
Fluorescence movie showing a single -DNA molecule tethered to an optically trapped 1.84 µm bead and extended by hydrodynamic flow applied from the left side (see Figure 3 and Figure S5 ) in the presence of 20 nM SxO. The movie shows two sequential flow ramps applied to the DNA molecule, starting from a high flow velocity (1 s and 26 s). This again demonstrates that the system rapidly responds to increasing and decreasing forces by intercalator binding and unbinding, respectively. The movie is sped up 7-fold compared to real time.
